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ABSTRACT: Dihydrofolate reductase (DHFR) from a moderate thermophilic organBawillus stearo-
thermophilushas been cloned and expressed. Physical characterization of the protein (BsDHFR) indicates
that it is a monomeric protein with a molecular mass of 18 694.6 Da (0.8), coincident with the mass of
18 694.67 Da calculated from the primary sequence. Determination of the X-ray structure of BsDHFR
provides the first structure for a monomeric DHFR from a thermophilic organism, indicating a high degree
of conservation of structure in relation to all chromosomal DHFRs. Structurally based sequence alignment
of DHFRs indicates the following levels of sequence identity and similarity for BsDHFR: 38 and 58%
with Escherichia coli 35 and 56% with_actobacillus caseiand 23 and 40% witffthermotoga maritima
respectively. Steady state kinetic isotope effect studies indicate an ordered kinetic mechanism at elevated
temperatures, with NADPH binding first to the enzyme. This converts to a more random mechanism at
reduced temperatures, reflected in a greatly redkGefibr dihydrofolate at 20C in relation to that at 60

°C. A reduction in either temperature or pH reduces the degree to which the hydride transfer step is
rate-determining for the second-order reaction of DHF with the enzh#dPH binary complex. Transient

state kinetics have been used to study the temperature dependence of the isotope effect on hydride transfer
at pH 9 between 10 and 5C. The data support rate-limiting hydride transfer with a moderate enthalpy

of activation E; = 5.5 kcal/mol) and a somewhat greater temperature dependence for the kinetic isotope
effect than predicted from classical behavigrfA> = 0.57 (0.15)]. Comparison of kinetic parameters

for BsDHFR to published data for DHFR frofa. coli and T. maritima shows a decreasing trend in
efficiency of hydride transfer with increasing thermophilicity of the protein. These results are discussed
in the context of the capacity of each enzyme to optimize H-tunneling from donor (NADPH) to acceptor
(DHF) substrates.

A particularly promising approach to understanding the binding and catalysis8-13). Site specific mutagenesis
impact of dynamics on protein function is to examine highly studies showed that modification of residues that are both
homologous proteins that catalyze reactions within widely proximal and distal with respect to the active site can impact
different temperature ranges, Q). It is generally believed  substrate binding and its conversion to produbt—<18).
that these proteins must achieve a balance between theComputational work has included molecular dynamics
formation of stable folded structures and the retention of simulations in the nanosecond range for both wild-type and
sufficient flexibility for efficient catalysis §, 4). mutant enzymes, indicating a reduction in correlated motions

The dihydrofolate reductase (DHFR) from mesophilic for mutant enzymes that leads to higher reaction barriegs (
sources, in particulascherichia coli is one of the best-  20). Simulations by Hammes-Schiffer and co-workers of the
characterized enzymes. The studiesogoli DHFR include guantum transfer of hydride ion from cofactor NADPH to
the elucidation of the kinetic mechanism as a function of substrate dihydrofolate (DHF), eq 1, show how movements
pH (5), determination of three-dimensional structures of a within specific regions of protein can modulate the wave
range of enzymeligand complexesq, 7), and the demon-  function overlap between the hydride donor and acceptor
stration of protein dynamic features that may impact substratepotential energy wells2(1).
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catalyzed by theE. coli DHFR (24). These studies, which 28 mM™ cm™ at 340 nm for DHF, in 50 mM Tris (pH
used multiple labeled substrates and competitive methods,7.5). The concentration of purifieB. stearothermophilus
have allowed the extraction of intrinsic kinetic isotope effects, DHFR (see below) was determined by the method of Pace
free of kinetic complexity. The absence of a temperature (36), using the calculated extinction coefficient of 25 565
dependence for kinetic isotope effects on elementary H- M~1cm™ (1.368 mL mg?! cm™?) in 40 mM Hepes (pH 6.8).
transfer steps is one of the most powerful indicators of  Cloning. The entire sequence of tle coli DHFR gene
nonclassical behavior. As discussed by Knapp and Klinman, dyr_Ecoli (sp P0O0379, 159 nucleotides) was used as a probe
temperature-independent isotope effects cannot be easilyto Blast search NCBI's available genomic database of
explained by a tunneling correction, implicating environ- thermophilic eubacteria and archaea using the Blosum62
mentally mediated hydrogen tunneling mechanisg$. ( matrix (37). The search pulled up a 483-nucleotide (161-

In an earlier study, Alleman et aQ@) had also examined amino aCid) fragment with 41% |dent|ty, 61% Sim”arity, and
the temperature dependence of the hydride transfer proces@% gap with respect to the. coli DHFR primary sequence
using a DHFR from the hyperthermophilBhermotoga in the unfinished genome d. stearothermophiluswith a
maritima Despite an Oniy 27% level of seqguence identity score of 123 hits (other hits showed scores of 45 hits or
between theT. maritimaand E. coli enzymes, the X-ray  lower). An ORF of 492 nucleotides (164 amino acids)
structures of the enzyme subunits are fairly simig#)(One ~ terminated by a TAG stop codon was identified. The
important distinction is the finding that th&. maritima  sequence was PCR-amplified from a genomic DNA prepara-
enzyme forms stable dimers, in contrast tofheolienzyme  tion of B. stearothermophilustrain 10, a kind gift of B.
that is a functional monomer. The altered quaternary structureRoe (Department of Chemistry and Biochemistry, University

may explain the different kinetic properties observed for the 0f Oklahoma, Norman, OK). The primers-8GAATTC-
T. maritima enzyme, where the kinetic isotope effect CATATGATTTCGCACATTGTGGCAATGGATGAAAAC-

undergoes a transition from being highly temperature de- CGG-3 (forward) and 5CGCGGATCCATTATTTCGC-
pendent (below 25C) to significantly less temperature CTTTTTCCGCTCATAAATGATAAAGGC-3 (reverse) were

dependent above 2% (26). This pattern of behavior had ~ used to PCR-amplify the putative DHFR gene sequence using
been seen earlier for a thermophilic alcohol dehydrogenase Standard PCR conditions and an annealing temperature of
where changes in catalytic properties show a strong correla-60 °C. The amplified product was cloned into the pet21a-
tion with changes in local protein flexibility28—30). () vector between the unique Ndel’@nd BamHI (3)

In this work, we describe a full structural and kinetic SIt€S using T4 DNA ligase, and then transformed into

characterization of a moderate thermophilic DHFR isolated Ci?mBth;St DHﬁiceIIs for subclonindg. Purifie? plasgi_igir/%né3
from Bacillus stearothermophilugheB. stearothermophilus the transformants was used to transform

enzyme is shown to be much closer to Becoli DHFR cells for expression using the hexaminecobalt chloride

with regard to its quaternary structure, yet shows catalytic method ogHagahaii. (l(\i/laniatlsti]l.7_ll_l38). Thetlnser_t was
properties for the hydride transfer step that lie between thoseS€dU€Nced and verified using the 1 7 promoter primer.
of the E. coli andT. maritimaenzymes. As has been shown _ R€combinant Protein Gerexpression and Purification

for alcohol dehydrogenases from multiple ecological niches BLZl/.D_E?’ transformant; were grown at ST in LB
(psychrophilic, mesophilic, and thermophilic), the temper- containing 10Q«g/mL ampicillin until the ORgo reached 0.6,

ature dependence of kinetic isotope effects for hydrogen 2nd then the growth temperature was reduced t6C3@nd

transfer may be expected to reflect subtle and often local the expregsion induced by addition of IPTG to a final
changes in protein dynamical properti@L,(32). concentration of 1 mM. Expression was allowed for-12

h at 30°C. The cells were harvested, washed with 0.9%
EXPERIMENTAL PROCEDURES NaCl, and centrifuged. The cell pellet was resuspended in
40 mM HEPES (pH 6.8) and lysed by sonication. The
Materials. All materials were reagent grade unless other- supernatant from the centrifuged cell extract was heat-
wise noted. DHF was prepared from folic acid and purified precipitated at 55C for 20 min and then centrifuged. The
by repeated crystallization by the method of Blakley, as resulting supernatant was loaded onto a SP-Sepharose cation
previously reported33). [4R-’HJNADPH was synthesized  exchange column pre-equilibrated in 40 mM HEPES (pH
using the method of Jeong and Gready using an NADP 6.8) and then eluted wita 0 to 1 MNaCl gradient. The
dependent alcohol dehydrogenase ffonermoanaerobium  pooled DHFR fractions were concentrated in an Amicon
brockii (Sigma) and the substrate 2-propadglfAldrich) concentrator and loaded onto a Superdex 75 prep grade gel
at 43°C and pH 9 84). The labeled product was purified filtration column for final purification. The pooled fractions
by a modified method of Viola, using the ion exchange from gel filtration chromatography were concentrated and
chromatography resin AG MP-1 (Bio-Rad) in 0.2 M LiCl exchanged into 40 mM HEPES (pH 6.8) for storage-80
and 20 mM 1,3-diaminopropane (pH 8.5) (Aldrich), desalted °C.
by gel filtration chromatography using Bio-Gel P-2 resin (fine  Molecular CharacterizationsThe purified protein, from
grade, Bio-Rad) in 20 mM 1,3-diaminopropane (pH 8.5), which salt and buffer had been removed by reverse-phase
partially lyophilized to reduce the concentrationt@5 mM, HPLC, was analyzed by electrospray mass spectrometry
and then stored in 5 mM dithiothreitol at80 °C (35). The using a Bruker Esquire-LC mass spectrometer. Size exclusion
unlabeled product NADPH was synthesized and purified in chromatography was performed using Sephadex G-75 su-
the same way; however, commercially available, enzymati- perfine resin (Pharmacia) on a low-pressure column (1 cm
cally synthesized NADPH (Sigma) yielded the same results. inside diameterx 90 cm), with 40 mM HEPES (pH 6.8)
The extinction coefficients used for concentration determi- and 75 mM NaCl as the elution buffer. The molecular mass
nation were 6.22 mM cm™* at 340 nm for NADPH and  standard kit contained protein markers ranging from 6.5 to
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66.0 kDa (Sigma MW-GF-70; apoprotein, 6.5 kDa; cyto- at pH 7, 0.1 mg/mL BSA, 8&M NADPH, 60 uM DHF,
chromec, 12.4 kDa,; carbonic anhydrase, 29.0 kDa; albumin, and a DHFR concentration of typicallyl nM; the assay
66.0 kDa). The pl of the protein was determined using the temperature was 4€C. The reaction was initiated by the
Pharmacia Phast isoelectric focusing system, with a precastaddition of 10uL of enzyme to a cuvette containing 980
gel (PhastGel IEF 3-9, Pharmacia) and pl markers which of buffer, BSA, NADPH, and DHF, which had been
ranged from pH 3.6 to 8.8 (Sigma). preincubated for 5 min at the appropriate temperature. The
Sequence AlignmentCoordinates of a representative order of addition did not influence the catalytic rate under
structure from each organism were taken from the Protein these conditions. In more detailed kinetic studies, the pH,
Data Bank T. maritimalCZ3,E. coli 1DRE, Gallus gallus assay temperature, and NADPH, DHF, and DHFR concen-
8DFR, Candida albicans1AI9, Homo sapiens2DHF, trations were varied depending on the experiment; in each
Pneumocystis carinilDYR, Lactobacillus caseBDFR, and instance, the conditions of the experiment are recorded in
Haloferaxvolcanii 1VDR). Structure-based sequence align- the legends of the figures. The pH of all buffers was adjusted
ment was performed using STAMBY), and the figure was  at the experimental temperature.

generated using the Texshade Packa. ( Transient State Kinetic MeasuremensHi-Tech Scien-
Protein Crystallization and Data CollectionPurified tific stopped flow apparatus was used with absorbance
DHFR was concentrated to 10 mg/mL and screened for monitoring at 340 nm, under single-turnover conditions.
crystallization conditions41) at 25°C. Diffraction quality ~ NADPH was preincubated with DHFR for 5 min in syringe
crystals appeared within 1 day from a solution of 0.2 M Tris 1 at the desired temperature in a thermostated syringe
(pH 7.4) and 1.75 M ammonium sulfate. A cryoprotecting compartment, and then the reaction was initiated by rapidly
solution was made by adding glycerol to the mother liquor mixing the contents with DHF from syringe 2. Final assay
to a final concentration of 22%. Crystals were frozen in liquid gnditions are 20M DHFR, 100uM NADPH(D), and 2.5
nitrogen prior to data collection. uM DHF in MTEN buffer (pH 9), except for the 5¢C data,
Diffraction data sets to 2.0 A resolution were collected which required 4QuM DHFR to saturate the DHF due to
on a Quantum 210 CCD detector at the Advanced Light the partial instability of DHFR at this temperature under these

Source (Berkeley, CA) on beamlines 8.3.1 and 5.0.2. The conditions. The kinetic data were analyzed with a single-
detector distance was set to 210 mm, and the wavelengthexponential fit.

was 1.000 A. A total of 180 frames were collected with’a 1

oscillation scan for a duration of 20 s per frame. RESULTS
The diffraction data were indexed on the basis of tetragonal _ _ o
space grougP4212 with the following dimensionsa = b Cloning, Querexpression, and PurificationThe ORF,

=104.65 A andc = 116.37 A. There are two molecules in  consisting of 492 nucleotides (164 amino acids) terminated
the asymmetric unit corresponding to a solvent content of by a TAG stop codon, was PCR-amplified from a genomic

69.4%. preparation ofB. stearothermophilug a single dominant
Structure Solution and Refinemefihe phase was solved ~Pand on an agarose gel, and inserted into a subcloning vector.
by molecular replacement using MOLRE#2). TheE. coli DNA sequencing verified the insertion of the correct

DHFR ternary complex (PDB entry 1RX2) was used as a recombinant gene [cf. Figure 1 for the DNA-derived protein
search model, unliganded and with nonconserved residuessequence of thB. stearothermophiluBHFR (BsDHFR) and
mutated to alanine. Molecular packing of alternative solutions its structure-based sequence alignment to DHFRs from seven
was checked manually. other sources]. The protein product was overexpressed from
Once the solutions were verified, the model was refined @n E. coli pet21a expression system under standard condi-
iteratively using several rounds of simulated annealing and tions. Although a significant portion segregated into |ncI_US|on
temperature factor refinement using CN&)(and model  bodies, soluble DHFR was highly overexpressed, making up
rebuilding using O 44) based on B, — F. andF, — F. approximately 40% of the soluble cell extract (Figure 2). A
electron density maps. Strict noncrystallographic symmetry three-step purification protocol of heat precipitation, cation
(NCS) averaging was used during the initial rounds of €xchange chromatography, and gel filtration chromatography
refinement. This restraint was later relaxed to account for Yielded typically 70 mg of pure protein/L of culture. Due to
different conformations of loop regions based on the electron the high level of overexpression, the enrichment factor was
density maps. only ~3-fold. The purified product showed a single dominant
Stucture Rendering and Analys@raphical representations ~Pand by SDSPAGE and a single peak by analytical reverse-
of the BsDHFR structure were generated using Molscript Phase HPLC analysis.
and Raster3d45, 65). Secondary structure assignments were  Molecular Characteristics The molecular mass of the
made with DSSP46). The model quality was assessed using purified protein was determined using SBBAGE and mass
Procheck 47). spectrometry. The final purified product showed a single
Steady State Kinetic Measuremenise initial velocity band of~20 kDa by gel electrophoresis under denaturing
for the DHFR reaction was determined by measuring the conditions (Figure 2). Electrospray mass spectrometry gave
rate of enzyme-dependent decrease at 340 nm using thea mass of 18 694.4 0.8 Da, coincident with the molecular
absorbance change of 13.2 mMem™. Data were collected  mass of 18 694.67 Da calculated from the primary sequence.
on a Hewlett-Packard 8452A diode array spectrophotometer.Size exclusion chromatography was performed under neutral
Standard assay conditions used MTEN buffer [50 mMN2-(  conditions and with 75 mM salt to determine the oligomer-
morpholino)ethanesulfonic acid, 25 mM tris(hydroxymethyl)- ization state of the native protein; this indicated a molecular
aminomethane, 25 mM ethanolamine, and 100 mM NaCl] mass of ca. 15 000 Da for the DHFR protein, correlating
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Ficure 1: Structure-based sequence alignmet® ©f representative DHFR structures: B, stearothermophilusEc, E. coli; Tm, T.
maritimg Ca, C. albicans Pc, P. carinii; Hs, H. sapiens Gg, G. gallus Hv, H. volcanii; and Lc,L. casei Residues that contact folate or
NADP in E. coli (1RX2) are indicated51—53, 60—64).

importance of balancing the structural integrity and dynamic
flexibility for the function of the enzyme.

Relative to the other known structures of DHFRs, the
sequence ofB. stearothermophilusshares the greatest
sequence identity and similarity with the DHFR frdncoli
- (38 and 58%, respectively), followed by the DHFR fram
65 casei(35 and 56%, respectively). Notably, there is signifi-

- 0 S F cantly less sequence identity and similarity (23 and 40%,
FIGURE2: SDS-PAGE gel of DHFR purification: (1) supernatant respectively) with the hyperthermophilic DHFR from
of the cell extract, (2) supernatant of the heat precipitation step, maritima (TmDHFR).

| of fractions from cation exchan hromatography, (4 . .
E)?golpg? f(r)rslctg(r:]sofr%mOs|z¢:(.3ae>(<)clue5|(g:nachgrirr?at(())grgpoh%/,a Fz;n)c/i' €5; Structure AnaIYSlSThe three-dimensional strupture of
molecular mass standards in kilodaltons. BsDHFR, determined by X-ray crystallography, is shown
in Figure 3, together with its comparison to tBecoli and
closely with the calculated monomeric mass. Isoelectric T. maritimaenzymes. The structure of BSDHFR is the first
focusing indicated a pl of 8.2 for the purified DHFR protein. monomeric DHFR structure from a thermophilic organism.
Sequence Analysigigure 1 shows the structure-based The apo structure has been determined and refined to a
sequence alignment of the DHFR fr@nstearothermophilus  resolution of 2.0 A. The quality of the model is indicated
(BsDHFR) with DHFRs from other organisms. The se- by a reasonabl&R factor Ruoing = 21.0%, andRyee =
guences of DHFR across all species are highly conserved.24.8%) with dihedral angles residing in allowable Ram-
Interestingly, conserved residues span very different amino achandran space (100% in allowed region and 92% in most
acid types and include not only those at the active site but favored), and clearly interpretable electron density maps. All

N

mmmm .

' % also distal residues found in loop regions. This suggests the
-

215

j
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Adenosine Binding Sub-domain

Ficure 3: (a) Three-dimensional structure of BsDHFR. (b) Overlay
of Ca traces of BSDHFR (blue) and TmDHFR (red) monomers.
(c) Overlay of Gx traces of BsDHFR (blue) and EcDHFR (green).

residues are well-defined, including side chains in the

Kim et al.

log [turnover rate]

11

pH

Ficure 4. pH dependence of DHFR activity, in MTEN buffer at
various pH values and 4T under otherwise standard conditions.

pH (Figure 6), showing thdtk./Km(DHF) is less thakea

at neutral pH and that boftk.s: andPkeo/Km(DHF) increase

to a common value of 2.7 at pH 9. The smalfg./Kn-
(DHF) in comparison tdPky at neutral pH suggests that
substrate binding is partially rate determining under these

electron density, except for the last three C-terminal amino conditions. The increase fik.q:andPk /K, with an increase

acids. As with all chromosomal DHFRs, the structure is
highly conserved. Theup fold is composed of a central
eight-stranded (AH) g-sheet flanked by a pair @f-helices
(1—4) on either side. The globular protein is composed of

in pH, coupled with the coincidence of their maximal value
at pH 9, supports the view that the hydride transfer step is
fully rate limiting at pH 9 (see below). This behavior is
concomitant with a decrease in the observed catalytic rate

two subdomains, an adenosine-binding subdomain and a loopas a function of pH (cf. Figure 4).

subdomain.
BsDHFR Actiity. A standard assay at 4C€ allowed initial
screening of activity as a function of reaction conditions.

Noncompetitivek.o/Kn kinetic isotope effects were sub-
sequently measured at pH 9 as a function of the concentration
of the alternate substrate, i.Bko/Ki(NADPH) as a function

The dependence of turnover rate on NaCl concentration atof [DHF] andPk.s/K(DHF) as a function of [NADPH]. This

neutral pH indicated a ca. 20% increase in activity up to 0.2
M, with activity declining above this salt concentration and
falling to zero at 0.8 M NaCl (data not shown). The pH
profile under the standard assay condition showe&a0p
7.5, with activity decreasing ca. 20-fold at pH 9 (Figure 4).
The optimum temperature of activity at pH 7 was determined
to be 75°C, with activity falling off precipitously above this
value; at pH 9, the optimal temperature of activity fell to 65
°C (data not shown).

Enzyme stability was examined at pH 6.8 as a function
of temperature, showing a very rapid loss of activity in the
absence of substrate above %2 At 60 °C, the impact of

examination of isotope effects ok./Kn allows for the
deduction of a kinetic mechanism in a multireactant enzyme
system 48, 49). At 60 °C, the isotope effect determined at
a low [DHF], PlkealKm(DHF)] ~ 2.7, is independent of
NADPH concentration, while the isotope effect at a low
[NADPH(D)], P[ke.a Km(NADPH(D))], decreases from ca. 2.2
toward 1 as the DHF concentration increases (Figure 7A).
This pattern, in which thé(k../Kn) of one substrate is
independent of the cosubstrate concentration whilePthe
(kealKm) Of the alternate substrate reduces toward unity at
saturating cosubstrate concentrations, is clearly indicative of
a steady state ordered mechanism for substrate binding.

enzyme concentration, salt, and substrates is illustrated inIncreasing the concentration of the first substrate that binds

Figure 5. With the addition of a 5-fold excess of NADPH
or DHF, 70-80% of the activity remains after incubation
for 1 h at 60°C.

Noncompetitie Steady State Kinetic Isotope Effects
Michaelis—Menten parameters for i stearothermophilus
DHFR (BsDHFR) at pH 7 and 60C, conditions that are
expected to approximate the physiological niche of the
bacterium, are as followskey = 217 (8) s, KealKi-
(NADPH) = 20.9 (2.5)uM~1 571, Kn(NADPH) = 10.4uM,
kealKm(DHF) = 58.6 (3.8)uM 1 571, andK,(DHF) = 3.7
uM. The properties of deuterium-labeled NADPH were
compared to those of the protium cofactor as a function of

the enzyme has no effect on the commitment to catalysis in
an ordered mechanism, while increasing the concentration
of the second substrate drives the initial enzyrsebstrate
binary complex into the active ternary complex and raises
the commitment to catalysis to infinity, thus reducing the
keaf Kn isotope effect to 1. These results show that NADPH
is the first substrate to bind, followed by DHF. For both
substrates, the limiting isotope effect kya/Kn, at the lower
cosubstrate concentration, approximates the limiting isotope
effect onk.,, at saturating concentrations of both substrates
(Figure 7A and Table 1). In agreement with the results from
the pH dependence study (Figure 6), the isotopically sensitive
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Ficure 5: (a) Effect of enzyme concentration and NaCl on DHFR stability at®0under the following incubation conditions®) 0.2
mg/mL (10.7uM) enzyme in 40 mM HEPES (pH 6.8)8) 0.05 mg/mL (2.68«M) enzyme in 40 mM HEPES (pH 6.8), and) 0.2 mg/mL

enzyme in 40 mM HEPES (pH 6.8) and 0.2 M NacCl. (b) Effect of

NADPH and DHF on DHFR stability &€6ft 0.2 mg/mL enzyme

and in 40 mM HEPES (pH 6.8) under the following incubation conditior®) ro additions, @) with 100u4M NADPH, and @) with 100

uM DHF. Aliquots were removed after the indicated incubation time period to measure the residual activity under standard assay conditions.
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Ficure 6: pH dependence of deuterium kinetic isotope effects at
60°C: Pk.o (®) andPk../Km(DHF) (@). Assay conditions are 0-8

80 nM DHFR, 25uM NADPH(D) [100 uM NADPH(D) yielded
similar results], and 1.25100u4M DHF in MTEN buffer with the
appropriate pH with 0.1 mg/mL BSA. The inset shows the pH
dependence of the DHFR turnover rate.

hydride transfer step is concluded to be rate-determining for
Keat and keaf K(DHF) at 60°C and pH 9.

The isotope effects as a function of the cosubstrate
concentration show a different pattern at’ZD(Figure 7B).
At this lower temperaturék../Kn(DHF) appears to slightly
decrease with an increase in NADPH concentration from ca.
2.4 to 2, whilePk../K(NADPH) appears to remain inde-
pendent of the DHF concentration, at ca. 1.1. This pattern,
in which saturation by one substrate will reduce but not
abolish thek:./Kn, isotope effect of the other substrate, is

(NADPH) are obscured. The lower value for the apparent
Pkeal Km(NADPH) (~1.1) in comparison to the apparétit./
Km(DHF) (~2) at a saturating cosubstrate concentration
further indicates that while the mechanism is random, there
is still a preferred order of NADPH binding first. At 2T,

the limiting Pk.a/Kr, value for DHF is lower than thekgy of

3.2, once again pointing toward partial rate limitation by
substrate binding. A reduction in either pH (Figure 6) or
temperature (Figure 7) reduces the extent to which chemistry
is rate-limiting for the second-order reaction of DHF with
the enzyme-NADPH binary complex.

Hydride Transfer at Variable Temperaturd® study the
temperature dependence of the hydride transfer step, we
turned to the use of transient state kinetics at variable
temperatures. Single-turnover conditions were applied in
which NADPH is prebound to the enzyme at a concentration
that is sufficiently high to saturate the available, limiting
DHF. The data in Figure 8 indicate that a ratio of NADPH
to enzyme slightly greater than unity and a ratio of enzyme
to DHF of 5-10 led to optimal turnover rates at low and
elevated temperatures. The final first-order rate constants
using NADPH and NADPD between 10 and 8D are shown
in Figure 9a, with the temperature dependence of the isotope
effects in Figure 9b. The resulting Arrhenius parameters have
been summarized in Table 2. The data show that, in contrast
to results for the highly homologous. coli DHFR, the
isotope effects are temperature-dependent and vyield an
isotope effect on the Arrhenius prefactor that falls below
unity.

DISCUSSION

General Properties of the BsDHFRhe identification and
cloning of the BsDHFR were aided by its high degree of

indicative of a steady state random component to the similarity to theE. coli DHFR gene. The level of protein

mechanism. The observation tR&t./K(NADPH) appears

expression inE. coli was very high, and the initial heat

to be independent of the cosubstrate concentration and isprecipitation step both allowed for the ready separation of
very close to unity suggests that DHF saturates at a verythe BsDHFR from its host DHFR and provided a large degree
low concentration such that possible trends Piqa/Km- of the purification. The subunit molecular mass for BsDHFR
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Ficure 7: (A) Dependence of deuterium kinetic isotope effects on cosubstrate concentratiotCat{&DKIE as a function of NADPH(D)
concentration at saturating DH®) and at low DHF [0) concentrations. (b) KIE as a function of DHF concentration at saturating NADPH-
(D) (®) and at low NADPH(D) 0) concentrations. Typically, 3635 nM enzyme was used in MTEN buffer (pH 9). (B) Dependence of
kinetic isotope effects on cosubstrate concentration &t2@a) KIE as a function of NADPH(D) concentration at saturating D@ gnd

at low DHF @) concentrations. (b) KIE as a function of DHF concentration at saturating NADPHEDaiid at low NADPH(D) [0)
concentrations. Typically, 2565 nM enzyme was used in MTEN buffer (pH 9).

Table 1: Steady State Kinetic Parameters and Isotope EffecB. fstearothermophilu®PHFR at pH 9 and 60 or 20C?

60°C 20°C
substrate  Kear(S™)  Km@uM)  kalKm @M7's™)  Pkear P(kcalKm)  keat(S™)  Km (M) KealKm (M7PS™)  Phear  P(KealKm)
NADPH 4.7 2.8 1.7 2.7 2.7 2.2 3.5 0.6 3.2 11
DHF 4.9 12.3 0.4 2.7 2.7 2.3 15 15 3.2 2.4

anitial velocity assays were carried out using-2% nM DHFR in MTEN buffer adjusted to pH 9 at the appropriate temperature, using saturating
concentrations%10K,) of both substratesk{,) or the cosubstratekfa/Km). Kinetic isotope effects are the limiting values estimated from Figure
7A (60 °C) and Figure 7B (20C).

of 18 700 Da, as confirmed by mass spectrometry, is similar
to those of other characterized bacterial DHFRs. Unlike the 4t m = " L] L]
quaternary structure for the hyperthermophilic DHFR from L] L]

T. maritimg the moderate thermophile BsDHFR is mono- .~ 3f i
meric; additionally, though the pl for BsDHFR is elevated %

to 8.2, it is not as extremely basic (pi10) as for theT. 5 °f
maritima enzyme. The optimal temperature for BSDHFR - e © © . o o .
activity is elevated by approximately 1 in relation to T lo
the optimal temperature of growth for the organism, which
is 65°C. Preincubation of enzyme indicates a thermostability 0 2 4 6 8 10 ¢ 5 10 15 20
that coincides with the optimal growth temperature. High [NADPH]/[Enzyme] [Enzyme]/[DHF]

salt has an impact on the protein, with activity peaking at FIGURE 8: Saturation curves for transient kinetics experiments, at

0.2 M and then falling off rapidly at higher ionic strengths. 10 (@) and 40°C (W). The DHF concentration was fixed at 2.5
Steady State Kinetic Characterizatiorhe B. stearother- uM; DHFR and NADPH concentrations were varied to obtain the

mophilusDHFR shows the following steady state kinetic appropriate ratios. The reaction was initiated by the rapid mixing
properties. (i) At 60°C, a temperature close to the optimal gf DHF to a solution of DHFR and NADPH, in MTEN buffer (pH
growth temperature of the organism, the maximal kinetic )

isotope effect is 2.7 for botRk.,: and Pke./Kn(DHF) at pH the hydride transfer step, also givekakp value of 2.7 at

9. Transient state kinetics, using conditions which isolate the close temperature of 5UC (see Nature of Hydride
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Ficure 9: (a) Arrhenius plot of DHFR activity as determined by transient state kinetics, using NADP&h@ NADPD () as substrates.

The reaction was initiated by the rapid mixing of DHF to a solution of DHFR and NADPH. Final assay conditions @k& RBHR

(except at 50C, which required 4&M DHFR to saturate the DHF), 1g0M NADPH(D), and 2.5¢M DHF in MTEN buffer (pH 9). (b)
Temperature dependence of kinetic isotope effect as determined by transient kinetics, using NADPH and NADPD as substrates. See the
description for panel a for assay conditions.

Table 2: Arrhenius Parameters Derived from Transient State The relatively weak isotope effect appears to be an intrinsic

Kinetics feature of hydride transfer chemistry catalyzed by DHFRs,
Ex — Ea, as well as other dehydrogenases.
A AdlAo E. (kcal/mol)  (kcal/mol) The order of substrate binding also resembles that of the
H 28 10°(6 x 10°) 55(0.1) mesophilic DHFRs. For botk. coliandL. caseiDHFRs at
D 4.9x 10°(8 x 109 6.6 (0.1) their physiological temperature, the kinetic mechanism is
0.57+0.15 1.14+0.2 observed to be a preferred pathway in which NADPH binds

first, under saturating NADPH conditions,(50). This
Transfer Chemistry). (ii) The contribution of the hydride preference for substrate binding order arises from the feature
transfer step téa andk.o/Kn(DHF) is pH-dependent under  that THF dissociation is faster from the-NADPH—THF
steady state conditions, becoming less rate-limiting as thecomplex than from the ETHF complex; thus, THF release
pH is lowered from 9 to 7. (iii) The kinetic mechanism for preferentially occurs after NADPH replaces NADR the
substrate addition at 6@ and pH 9 is ordered with NADPH ~ E—NADP*—THF ternary product complex. One distinction
binding to the enzyme prior to DHF. for BsDHFR is its strictly ordered kinetic mechanism at its
There are changes in the steady state kinetics of thephysiological temperature of 6 (Figure 7A).
enzyme at pH 9 when the temperature is reduced from 60 Sequence and Structural Analyskigure 1 shows the
to 20 °C, with regard to the order of substrate binding and structure-based sequence alignment of BsDHFR with DHFR
the degree of rate limitation of the hydride transfer step. At structures deposited in the Protein Data Bank. The entire
20°C, the kinetic mechanism has become somewhat randomalignment underscores the conservation of the DHFR fold
(although the preferred order remains one in which NADPH (rmsd= 1.27 A relative tcE. coli). The structural differences
binds first), and the hydride transfer step is no longer fully seen are largely due to insertions of amino acids in loop
rate limiting for keo/Ki(DHF) (Figure 7B). The pattern of  regions. TmMDHFR is the one known exception with an
keafKm isotope effects as a function of the cosubstrate entirely different quaternary structure; nevertheless, its
concentration suggests that the randomness arises frommonomeric structure remains highly homologous to that of
tighter binding of DHF at the lower temperature. This other DHFRs.
observation is supported by the significant decrease in the The BsDHFR structure aligns well with both the meso-
Km value of the DHF at the lower temperature, from 12.3 philic E. coli (ECDHFR) and hyperthermophilit. maritima
uM at 60°C to 1.5uM at 20°C. (TmDHFR) structures. The BsDHFR structure is most similar
The B. stearothermophiluDHFR shares a number of to E. coli (1.06 A rmsd based on a pairwise alignment). All
kinetic features with DHFRs from other bacterial sources. elements of secondary structure are superimposable except
As in the cases of the mesophilic systefscoli and L. for helix 3, which in BSDHFR has a 2Qilt relative to that
caseiat 20-25 °C, theB. stearothermophiluPHFR at 60 in E. coliwhich is attributed to crystal packing interactions.
°C displays a rate of hydride transfer chemistry that is pH-  As with all DHFRs, the conserved Gly98 and Gly99 adopt
dependent, only becoming rate-limiting for all parameters a cis conformation; this region is important for binding
at elevated pH value$,(50). Reducing the temperature to NADPH. A sulfate ion is present in the cofactor pocket,
25°C leads to an isotope effect of 3.2, close to the maximal which is not surprising since sulfate is similar to phosphate
isotope effects of 3 and 3.2 observed for Ehecoli (5) and and present in excess in the crystallization buffer. A sulfate
L. casei(50) DHFRs, respectively, at 225 °C and to the ion was also seen in a similar position in the TmDHFR
value of ca. 4 observed for TMDHFR, also at 45 (26). structures 27).
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Kraut and co-workerss( 51—53) have characterized many regions of secondary structure that are elongated in BSDHFR
different conformations of ECDHFR at atomic resolution. (specifically, g-strands B and E). Prolines which may
Complexes analogous to all kinetic intermediates, including increase stability in BSDHFR can be found in {hé—pH
the holoenzyme, the Michaelis complex, the transition state, loop and thesC—p£D loop. Studies by Benkovic and co-
and the ternary product complex, have been solved. EcDHFRworkers (5) have shown that the loop containing Gly121
is known to undergo a series of conformational changes asis important for hydride transfer. In BSDHFR, there is a pair
it progresses through the catalytic cycle. Upon ligand binding, of prolines that flank this region which could conceivably
the most dramatic conformational changes occur in the M20 affect catalysis by hindering the flexibility of this loop.
loop, which opens and closes over and occludes the active A previous study showed the major determinant of stability
site. Residue Glu17, for example, moves almost 10 A from of the hyperthermophilic DHFR fronT. maritima is its
the open to occluded conformations. Several NMR studies oligomerization state. TmDHFR is a functioning dimer.
have examined the role of the M20 loop in substrate binding Comparison of the monomer subunits of TMDHFR with
and product releas®,(13, 54). EcDHFR did not reveal any major structural differences,

Despite the absence of ligand, the M20 loop in BsDHFR similar to our comparison here between BsDHFR and
is in the closed conformatiorie( coliis the only monomeric ~ EcDHFR. Many of the structural differences observed were
DHFR that has had the M20 loop crystallized in both the due to insertions of a few amino acids or unique conforma-
occluded and open conformations). As with other closed tions of loop regions which are largely involved in the dimer
DHFR structures, the temperature factors are relatively high interface in TmDHFR.
for the residues in the M20 loop, an indication of its Implications of Structure for Catalysi§he consensus is
flexibility. In the TmMDHFR, the M20 loop is trapped in a that subtle adaptations in thermophiles serve both to rigidify
unique open conformation due to packing at the dimer structure and to allow for optimal function at elevated
interface 27). temperatures. It is important to make clear that these

Other loop regions throughout the protein undergo com- structural adaptations are expected to be propagated into
paratively small conformational changes (typically on the dynamical features (cf. 2). It is interesting that there is no
order of 1 A) upon ligand binding. The GF loop, for example, clear determinant of thermostability for BsDHFR relative to
serves to make contacts to the M20 loop in the closed statethe mesophile, yet kinetically its behavior lies between the
(52). This loop in BsDHFR is also largely similar to tie mesophile and hyperthermophile. Even in the case of the
coli closed conformation. dimeric TMDHFR, its monomeric structure is largely similar

Comparison of BsDHFR to EcDHFR: Structural Basis to all known DHFR structures. One possible explanation for
of Increased Thermostabilitieveral studies have attempted the decreasingk., for hydride transfer and increasing
to outline the basis of stability of thermophiles versus their involvement of protein gating modes (see Nature of Hydride
mesophilic counterpart$$, 56). On a per protein basis, the  Transfer Chemistry), as DHFR adapts to higher temperatures,
differences at the structural level are often subtle, althoughis a decrease in protein flexibility. I. maritimg the
there are mechanisms that by consensus can contribute taatalytically important motions may be largely impaired by
thermostability. Some of these known factors include inser- dimerization, especially since many of the loop regions are
tion of prolines, extension of secondary structural elements, impacted at the dimer interface. The result is that the
the introduction of helix-capping residues, and the addition thermophilic DHFRs are able to function at higher temper-
of salt bridges. atures, albeit at the cost of flexibility.

In a comparison of the thermophilic BsDHFR to EcDHFR, Kern and co-workers have recently compared the temper-
it is not immediately obvious what features impart thermo- ature dependence of mesophilic and thermophilic adenylate
stability. Many of the typical factors that contribute to the kinases using NMR 58). Their results showed that the
stability of thermophiles are not apparent in the case of flexibility of the loop region that controls product release
BsDHFR. For example, there are no helix-capping residues,was greatly reduced in the thermophilic enzyme at ambient
or additional salt bridges or clusters of salt bridges. It is likely temperatures. This flexibility was restored with an increase
that the increased stability of BsDHFR relative to ECDHFR in the temperature toward the optimum growth temperature
is due to a number of subtle factors. Some suggestions areof the organism. Although this type of motion is not directly
provided below. correlated to catalysis, it provides direct evidence for the

One possible contributor to the thermostability of BsDHFR reduced flexibility of thermophiles as compared to their
is the elongation of some secondary structural elements.mesophilic counterparts. In the case of DHFR, the evidence
Helix 3 is longer by two residues. Additionally-strands suggests that reduced flexibility affects motions that are
B, C, and E are longer by one to three residues in BsDHFR. linked to hydride transfer efficiency.

The increased secondary structure conteri-gtrand B is Nature of Hydride Transfer ChemistnA major goal of
notable, because it includes the conserved residue Met42 thathis study has been to characterize, both structurally and
has been shown to be involved in motions that are correlatedkinetically, a moderately thermophilic DHFR, in particular,
to hydride transfer. Although these are not substantial the nature of the hydride transfer step and its relationship to
increases in secondary structure, they may contribute toprotein structure. Previous studies have already provided
stabilizing BsDHFR at higher temperatures. detailed structural and kinetic data for a mesophilic and

The insertion of prolines in loop regions that connect hyperthermophilic DHFR that include the temperature de-
secondary structural elements inhibits the flexibility of loop pendence of the primary deuterium kinetic isotope effect
regions, thus stabilizing structurg?). There are 11 prolines  (KIE) (24, 26). The findings presented herein for a moderate
in BsDHFR (10 in EcDHFR); 6 of the 11 are conserved. thermophilic DHFR provide a full scale of behaviors for
Notably, the nonconserved prolines in EcDHFR are in enzymes that function near room temperatuke ¢oli
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Table 3: Comparison of Parameters that Characterize the Hydride
Transfer Step in the EcCDHFR, BsDHFR, and TmDHFR Reactions

kearat pH 9 Ea
enzyme (s hyd (kcal/mol) Ad/Ap Kn/kp®
EcDHFR 16 (25°C) 3.0 4.0 (1.5) 3.4
BsDHFR 4.8 (60°C) 5.5 0.57 (0.15) 34
TMDHFRE  0.62 (80°C) 12 (<25°C) 0.002 (0.001)€25°C) 3.5

13 (>25°C) 1.56 (0.47) ¢ 25°C)

aFrom ref24. ® From this study® From ref26. ¢ Note that differ-
ences become exaggerated wkgnis compared at 23C for the three
enzymes® These values are at 2%, with the exception of that of
TmDHFR, which is at 40C.

DHFR), near 100°C (T. maritima DHFR), and at 65°C
(BsDHFR).

As shown for a significant and growing number of enzyme

Biochemistry, Vol. 44, No. 34, 2003.1437

of catalysis. In the case of the TmDHFR, this loop is located
at the dimer interface, which is expected to decrease loop
mobility and increase the barrier to catalysis. It is tempting
to attribute the 2-4-fold increase inE, for TMDHFR as
arising from structural changes that must precede the
hydrogen transfer and alter the position of the immobilized
F—G loop seen in the X-ray structure to one that is capable
of increased motion. In this instance, the hydride transfer
can be conceptualized as a two-step process, involving a pre-
equilibrium protein isomerization (with a positiveH® value)
and a subsequent movement of hydride from the donor
(NADPH) to acceptor (DHF) atoms such thaH* = AH°®
+ AH¥,

In many ways, the most interesting aspect of the collective
data in Table 3 is the large difference in the temperature
dependence of the KIE that occurs despite little change in

reactions, including those that catalyze transfer of hydride {he magnitude of the KIE itself. The largest deviations from

from reduced nicotinamide cofactor to substrate, the tem-

semiclassical behavior are seen for ECDHFR wh&i&\p

perature dependence of the KIE is different from that < 1 and the TMDHER at a reduced temperature, wihare

predicted for classical behavior in whié/Ap ~ 1. In all

Ap < 1. In the context of these observations, it is reasonable

current models for these deviations, hydrogen tunneling 15 3ssume H-tunneling in all forms of DHFR with differences
emerges as the primary factor. Increasingly, the temperaturey, the isotope effect on the Arrhenius prefactors arising from
dependence of the KIE is found to be more variable than changes in the properties of the-B complex that affect
either the rate of hydrogen transfer or the size of the KIE at ¢ efficiency of hydrogen transfer.

a single temperature, withy/As being highly sensitive to

In a recent treatment of the hydrogen atom transfer

changes in temperature, site specific mutations, and mOdi'cataIyzed by soybean lipoxygenase, Hammes-Schiffer and
fication of the protein surface (see below). Existing models - \workers 59) have interpreted changes in the temperature
for the origin of the deviant temperature dependencies Stressdependence of KIEs largely in the context of changes in the
the importance of the initial distance between the donor and i,tial distance R°) between donor and acceptor atoms. One
acceptor atoms and the nature of the coupling of protein ¢qnsequence of this model is the prediction of significant
vibrational modes into the hydrogen transfer coordina® ( ,creases in the magnitude of the KIE B8 increases,
59). contrasting with the behavior of the three DHFRs sum-
Because the Steady state kinetic iSOtOpe effect data formarized herein. In an ana|og0us though Simp|er modeL
BsDHFR showed the possibility of changes in mechanism Knapp et al. 25) have proposed that differences in protein
as a function of temperature, single-turnover conditions packing may give rise to subtle changes in the frequency of
capable of isolating the hydride transfer step were used toa fundamental protein motion(s) that controls the sampling
study the temperature dependence of the hydride transfeiof distances between the donor and acceptor atoms, and that
chemistry. Under single-turnover conditions in which the changes in this motionuf) can alter the magnitude @/
NADPH is prebound to the enzyme and the reaction is A, without significantly altering the magnitude of the KIE
initiated with a limiting concentration of DHF, an ordered jtself. It is important to point out that significant differences
mechanism is imposed and substrate binding kinetics is notmay exist in the degree of (electronic and vibronic) coupling
rate-limiting. Although the steady state data indicated a occurring between donor and acceptor atoms in the SLO-1
temperature optimum of 63C, stopped flow data were  and DHFR reactions such that the nonadiabatic treatment
restricted to=50 °C, due to the time needed for incubation developed for SLO-1 cannot be directly applied to the

of solutions in the stopped flow and the possibility of some moyement of charge that occurs in the DHFR reaction.
alteration of the protein behavior due to temperature-induced Ngnetheless, it seems likely that a difference in protein
unfolding and denaturation. flexibility, which alterswy, is one of the factors contributing
The fitting of the data in Figure 9 for BsDHFR has been to the differences i\/As observed among the three DHFRs.
summarized in Table 2, showing a moderate valueEpr In an increasing number of studies, a trend has been
and a temperature dependence of the KIE that lies just outsideobserved whereby the magnitude A&f/A, is observed to
the lower limit for semiclassical behavior. At this juncture, be greater than or close to unity under optimal conditions
detailed properties of the hydride transfer step are availablefor a particular enzyme system and, further, to become
for BsDHFR, TmDHFR, and EcDHFR, allowing a compari- increasingly inverse as the function of the enzyme becomes
son of the fundamental parameters that determine a hydrogerzompromised. In published works, this type of behavior has
transfer step for enzymes evolved to function at ca. 25, 65, been reported for a moderately thermophilic alcohol dehy-
and 80°C, respectively (Table 3). Two features emerge drogenase at high and low temperatures, for SLO-1 in WT
immediately from this comparison. First, as pointed out enzyme versus active site mutants, and in glucose oxidase
above, the magnitude of the KIE at 26 is almost identical using an enzyme that has undergone different degrees of
among the three proteins, and second, the rate&avalues  surface modification away from its native form. The trend
are much closer for Ec- and BsDHFR than TmDHFR. is repeated in Table 3, where it can be seen that the value of
It is now well established that the FG loop of ECDHFR is Au/Ap declines in a regular fashion from the most efficient
mobile and undergoes a conformational change in the courseenzyme, ECDHFR, to the least efficient enzyme, TmDHFR
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below 25 °C. As the number of characterized systems 11
increases, it has become apparent that the sensitivity of
kinetic hydrogen isotope effects to temperature may offer a 1,
unique glimpse into details of H-transfer coordinates that is
simply unavailable from other probes. On the basis of the
aggregate available data, we postulate that optimized enzyme
systems facilitate reaction of exceptionally well positioned
substrates and that perturbations away from this “ideal state”

enhance the role of distance sampling, which appears as 14-

reduced values foAu/Ap in enzyme-catalyzed H-transfer.
Future challenges include the continuing development of

analytical expressions that allow us to understand the precise 15.

factors that control the temperature dependence of the KIE
in both adiabatic and nonadiabatic systems, as well as

understanding of the protein structural bases for changes in 16.

behavior. The availability of X-ray structures for all three
of the DHFRs offers a starting point for investigations of
differences in protein dynamics using both experimental
(NMR and H-D exchange) and computation (molecular
dynamics) methodologies.

18.
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